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Closely packed, size-controllable and stable Au nanohorns (AuNHs) that are difficult to synthesize through
pure chemical reduction are facilely synthesized using a microorganism-mediated method in the presence
of hexadecyltrimethylammonium chloride (CTAC). The results showed that the size of the as-synthesized
AuNHs could be tuned by adjusting the dosage of the Pichia pastoris cells (PPCs). The initial
concentrations of CTAC, ascorbic acid (AA) and tetrachloroaurate trihydrate (HAuCl4$3H2O) significantly
affected the formation of the AuNHs. Increasing the diameters of AuNHs led to a red shift of the
absorbance bands around 700 nm in their UV-vis-NIR spectra. Interestingly, the AuNH/PPC composites
exhibited excellent Raman enhancement such that rhodamine 6G with concentration as low as (109
M) could be effectively detected. The formation process of the AuNHs involved the initial binding of the
Au ions onto the PPCs with subsequent reduction by AA to form supported Au nanoparticles (AuNPs)
based on preferential nucleation and initial anisotropic growth on the platform of the PPCs. The
anisotropic growth of these AuNPs, which was influenced by CTAC and PPCs, resulted in the formation
of growing AuNHs, while the secondary nucleation beyond the PPCs produced small AuNPs that were
subsequently consumed through Ostwald ripening during the aging of the AuNHs. This work
exemplifies the fabrication of novel gold nanostructures and stable bio-Au nanocomposites with
excellent optical properties by combining microorganisms and a surfactant.Introduction
With the proliferation of nanotechnology in modern science
and technology, the synthesis and application of metal nano-
structures are gaining interest.1 For example, the shape control
of Au nanostructures is attracting considerable attention
because of their remarkable properties as well as promising
applications in nanoelectronics, biomedicine, sensing, and
catalysis.2,3 Au nanostructures such as nanocubes,4 nanorods,5–7
nanoplates,8,9 nanocages,2 nanowires,10–15 octahedrons,16 tetra-
hedrons,4 decahedrons,17 icosahedrons18 and ower-like nano-
structures19 can be tuned by a variety of chemical, physical, and
biological methods. To bridge the gap between bulk materialsEngineering, College of Chemistry and
tory for Green Chemical Productions of
or Chemical Biology of Fujian Province,
China. E-mail: cola@xmu.edu.cn; Fax:
ollege of the Environment and Ecology,
hina
ESI) available: Supplementary data. See
Chemistry 2013and that of Au nanostructures for target applications, micro-
and nano-sized templates have been used to synthesize and/or
immobilize Au nanostructures in a controlled manner. In
contrast to synthetic templates, biotemplates (cell surface
layers,20 viruses,21 DNA,22 peptides,23 proteins,23 etc.) have the
advantages of nanoscale dimensions, versatility, and speci-
city.24,25 Among these biotemplates, crystalline bacterial cell
surface layers (S-layers) with a protein superlattice20,24 have been
used for template-directed assembly of Au nanoparticles
(AuNPs) into their superlattice structures.26–28 However, limited
success has been achieved in tandem shape control and
assembly of Au nanostructures over S-layers.29 Moreover, the
procedures required to isolate S-layers from microorganisms
are laborious. In this work, we report the direct use of Pichia
pastoris cells (PPCs) instead of S-layers for surface-mediated
growth of closely packed Au nanohorns (AuNHs), which are
totally different from previously reported nanoowers,30,31 in the
presence of hexadecyltrimethylammonium chloride (CTAC). To
the best of our knowledge, the synthesis of AuNHs has not been
reported hitherto, even by chemical methods. Moreover,
specic properties and the formation mechanism of such












































View Article Onlinewere examined through UV-vis-NIR spectroscopy and surface-
enhanced Raman spectroscopy (SERS). Their surface plasmon
resonance (SPR) absorbance was found to be around 700 nm
that varied with their size. Interestingly, the AuNH/PPC nano-
composites could be directly used as excellent SERS substrates
for the detection of R6G with the lowest detection limit of 109




Tetrachloroaurate trihydrate (HAuCl4$3H2O, 99.99%) was
purchased from Sinopharm Chemical Reagent Co. Ltd, China,
hexadecyltrimethylammonium chloride (CTAC, 99.9%) and
ascorbic acid (AA, 99%) were purchased from Tianjin Guangfu
Fine Chemical Research Institute and Sangon Biotech
(Shanghai) Co., Ltd, respectively. All chemicals were used as
received, without further purication.
Cultivation of PPCs and preparation of their powder
Themediumused for growing PPCs contained yeast extract (10 g
L1), peptone (20 g L1), and glucose (20 g L1) in deionized
water. Aer the cells were incubated for 48 h at 30 C and
150 rpm, they were harvested through centrifugation, and then
dried in an oven (60 C) for 24 h. The dried cells were then
crushed into ne powders, which were screened through a 100
mesh sieve. The screened cell powder was stored in a desiccator.
Synthesis of Au nanostructures
In a typical synthesis of AuNHs, dried PPCs (0.005–0.01 g) were
rst added to aqueous CTAC (5.0 mM) in a ask, followed by the
addition of 50 mL aqueous HAuCl4 (0.04856 M) and then 50 mL
AA (0.1 M) to form the initial reaction solutions with a total
volume of 10 mL, which were then shaken on a shaker (at 30 C,
150 rpm) for 1–24 h. Note that the cells interacted with Au(III) for
50 min before the addition of the AA solution. The color of the
solution turned from light yellow to colorless immediately aer
the addition of the AA solution. Then, few precipitates could be
observed at the bottom of the asks aer 0.5 h of reaction and
the color of the solution turned to dark blue. Aer 24 h, the
resulting solutions were sampled and centrifuged at 2000 rpm
for 10 min. Thereaer, the supernatants were decanted and the
precipitates were dispersed in 200 mL deionized water.
Characterization of Au nanostructures
TEM samples of the AuNHs were prepared by placing a drop of
hydrosol on carbon coated copper grids to allow water to
completely evaporate. TEM observations and energy dispersive
X-ray (EDX) analysis were performed on a Tecnai F30 Micro-
scope. SEM samples of the suspension were fabricated by
dropping the suspension (containing spontaneously formed
precipitates) onto clean silicon to allow water to completely
evaporate. SEM observations were carried out on a LEO-1530
Electron Microscope (LEO, Germany). Aer reaction, the
resulting solutions were centrifuged at 2000 rpm for 10 min and6600 | Nanoscale, 2013, 5, 6599–6606the precipitates were dried at 50 C. Later on, the dried mixtures
were collected for the determination of the formation of Au by
an X'Pert Pro X-ray Diffractometer (PANalytical BV, The Neth-
erlands) operated at a voltage of 40 kV and current of 30 mA
with Cu Ka radiation. UV-vis-NIR spectra of the solid AuNH/PPC
nanocomposites and PPCs were collected on a Varian Cary 5000
spectrometer (Agilent, USA). The diameters of AuNHs were
measured by using the soware “Digital Micrograph”. First, the
practical scale was calibrated with the tool “bar” in the soware
on the basis of the corresponding scale bars of the TEM
images. Then, the diameters of the AuNHs in TEM images were
measured.Raman detection of R6G on AuNH/PPC composites
Aer the AuNH/PPC composites were washed with deionized
water, 0.005 g of the composites was dried on a glass slide, and
30 mL (109 M) R6G was dropped on the composites for Raman
measurement. The Raman spectra were recorded on a Renishaw
invia spectrometer with a 632.8 nm He–Ne laser as the excita-
tion source. The laser power that reached the sample was
0.4 mW. The spectra acquisition time was 10 s, and the spectra
were obtained three times.FTIR analysis of PPCs before and aer the reaction
Aer reaction, the PPCs were obtained by centrifuging the
solution at 4800 rpm for 10min. Then the PPCs were completely
dried at 60 C. The dried cells before the reaction and the PPCs
aer the reaction were analyzed by an FTIR Nicolet Avatar 330
(Nicolet, USA), respectively.Results and discussion
Well-dened and closely packed AuNHs (Fig. 1a and b) could be
synthesized by reducing HAuCl4 (0.25 mM) with AA (0.5 mM) in
the presence of CTAC (5.0 mM) and PPCs (0.005 g) at 30 C. Both
the diameter (dh) and the height (h) of the AuNHs ranged from
0.5–2 mm, which were conrmed by SEM and TEM images
(Fig. 1a–c). Selected area electron diffraction (SAED) and X-ray
diffraction (XRD) conrmed the formation of Au nano-
structures. A couple of Bragg reections are distinctly exhibited
in the XRD pattern of the AuNHs (Fig. S1, ESI†), which may be
indexed on the basis of the face-centered cubic structure of
crystalline Au. Furthermore, the typical SAED pattern (Fig. 1d)
from the AuNHs showed Bragg reections corresponding to
{111}, {200}, {220} and {311}, indicating that the AuNHs were
polycrystalline in nature.
Controlled experiments were carried out to investigate the
role of PPCs in the formation of the AuNHs. In the absence of
the PPCs, aggregates of short AuNWs and broken AuNHs
(Fig. 2a) were produced, while on the other hand, well-dened
AuNHs were obtained in the presence of the PPCs. Thus, the
PPCs were indispensable for the formation of the well-dened
AuNHs. In order to better understand the effect of the PPCs,
further investigations were carried out to ascertain the inu-
ence of the dosage of PPCs on the morphology of the Au
nanostructures. Comparing Fig. 1a with 2b–d, the size or theThis journal is ª The Royal Society of Chemistry 2013
Fig. 1 (a and b) SEM and (c) TEM images, (d) SAED pattern of AuNHs synthesized
through the reduction of aqueous HAuCl4 (0.25 mM) with AA (0.5 mM) in the
presence of the dried PPCs (0.005 g) and a CTAC concentration of 5.0 mM.
Fig. 2 SEM images of Au nanostructures synthesized through the reduction of
aqueous HAuCl4 (0.25 mM) with AA (0.5 mM) at 30 C at the CTAC concentration
of 5.0 mM in the presence of (a) 0, (b) 0.015, (c) 0.15 and (d) 0.0025 g PPCs.
Fig. 3 Diameter statistics of AuNHs synthesized through the reduction of
aqueous HAuCl4 (0.25 mM) with AA (0.5 mM) at 30 C at the CTAC concentration












































View Article Onlinediameter of the AuNHs decreased with increasing the dosage of
PPCs. The tendency was conrmed by the histograms of the
diameter of the AuNHs (Fig. 3). Given the constant concentra-
tion of the Au precursor, the ratio of the diameter to height of
the AuNHs decreased from 2 : 1 to 1 : 2 by reducing the dosage
of PPCs from 0.15 to 0.0025 g. Hence, the size of the AuNHs
could be controlled by adjusting the dosages of the PPCs. It
should be noted that the powders of PPCs should be as smoothThis journal is ª The Royal Society of Chemistry 2013and tiny as possible. Because tiny PPC powders could provide
larger specic surface area, which contributes to stronger
absorption of the Au ions than relatively large powders.
The role of CTAC in controlling the nanostructures was also
investigated. In the absence of CTAC, only aggregates of the
AuNPs were formed,29 instead of the AuNHs (Fig. 1a), showing
that CTAC was indispensable for the anisotropic growth into the
AuNHs. An appropriate CTAC concentration (0.005 M) was
essential for the production of the AuNHs (Fig. 1a). However,
only some AuNPs (Fig. S2a, ESI†) were produced if the CTAC
concentration was decreased to 0.002 M. Yet, higher CTAC
concentrations favoured the formation of Au nanobelts
(Fig. S2b, ESI†) and evenly branch-like nanostructures (Fig. S2c,
ESI†). It was demonstrated that Br ions tend to ionize so that
they were easily adsorbed onto specic crystal faces to play roles
of etching in the case of CTAB.34 In contrast, herein, Cl ions are
not easily ionized and could hardly be adsorbed on the Au
crystal surface. Therefore, the anisotropic growth of the Au
nanostructures could only be attributed to CTA+ rather than Cl
ions. CTA+ selectively adsorbed onto specic crystalline surfaces
could signicantly decrease their growth rates and favour the
anisotropic growth. Although the CTAC concentration (0.002 M)
was higher than the critical micelle concentration (CMC) i.e.
0.001 M, the CTA+ concentration in solution might be below
0.001 M due to weak ionization of CTAC.34 Therefore, AuNPs
(Fig. S2a, ESI†) might have resulted from the low CTAC
concentration (0.002 M) which hardly promoted anisotropic
growth into AuNHs. On the other hand, higher CTAC concen-
trations, especially above the CMC, could more effectively
inhibit secondary nucleation in solution.35 Therefore, the
number of AuNPs as a result of secondary nucleation decreased
and incomplete AuNHs were obtained because of insufficient
Ostwald ripening for further growth. Instead of the complete
AuNHs produced in Fig. 1a, branched Au nanobelts (Fig. S2b,
ESI†) were produced, when the CTAC concentration wasNanoscale, 2013, 5, 6599–6606 | 6601
Fig. 4 UV-vis absorption spectra of AuNH/PPC composites with various dosages












































View Article Onlinedoubled while further increase in the CTAC concentration
resulted in longer branch-like nanostructures (Fig. S2c, ESI†).
Hence, the CTAC concentration had a signicant inuence on
the morphology of the Au nanostructures.
The reductant AA played an important role in kinetically
controlling the morphology of the Au nanostructures. In the
case of the well-dened AuNHs, 0.69 mM e was needed for the
total reduction of Au(III) to Au(0) corresponding to 0.23 mM
HAuCl4, while 0.5 mM AA could provide 1.0 mM e
30 to reduce
Au(III) to Au(0), which meant that AA was in excess. Therefore,
kinetically, the formation of AuNHs was rather rapid. In
contrast to the well-dened AuNHs (Fig. 1a) which were
synthesized at an AA concentration of 0.5 M, only AuNPs
adsorbed onto the PPCs (Fig. S3a, ESI†) were produced when the
optimum AA concentration for the AuNHs was halved.
Contrarily, if the AA concentration was doubled, AuNHs could
still be obtained (Fig. S3b, ESI†). Specically, doubling the AA
concentration, i.e. 1.0 mM AA, led to a burst of Au atoms and
rapid anisotropic growth of Au nanostructures, which was
promoted under the direction of CTAC. As a result, well-dened
AuNHs were produced (Fig. S3b, ESI†). In contrast, low AA
concentration (0.25 mM) was insufficient to reduce all Au(III) to
Au(0), which restricted the kinetic growth of the AuNHs,
resulting in the production of numerous AuNPs (Fig. S3a, ESI†).
Therefore, a little excess of AA is a kinetic prerequisite for the
formation of the well-dened AuNHs.
The precursor HAuCl4 played multiple roles in the formation
of AuNHs. In the presence of CTAC, AuNPs (Fig. S4a, ESI†) were
obtained if a higher HAuCl4 concentration (0.5 mM) was
adopted. The AuNHs (Fig. S4b, ESI†) similar to those in Fig. 1a
could also be produced if a lower HAuCl4 concentration (0.125
mM) was used. However, further reducing the HAuCl4 concen-
tration gave rise to broken AuNHs (Fig. S4c, ESI†). As discussed
above, a little excess of AA relative to HAuCl4 was kinetically
favourable for the formation of AuNHs, however insufficient AA
only led to AuNPs rather than AuNHs, this was due to the weak
impetus for AuNH growth. Therefore, it is possible to also
obtain AuNHs (Fig. S4b, ESI†) by halving the concentration of
HAuCl4, since the concentration of AA (0.5 mM) was a little in
excess compared to that of HAuCl4 (0.125 mM) and only AuNPs
(Fig. S4a, ESI†) were obtained when a higher HAuCl4 concen-
tration (0.5 mM) was adopted. This could not immediately be
reduced by AA (0.5 mM). Kinetically, HAuCl4 played the same
role as AA in the formation of the AuNHs. Nevertheless, a
further reduction of the concentration of HAuCl4 to a rather
lesser concentration (0.05 mM) led to the production of many
broken AuNHs (Fig. S4c, ESI†) this was mainly attributed to
excessive CTAC compared to that of HAuCl4. Moreover, the
excess CTAC gave rise to a decline, in the number of AuNPs from
secondary nucleation that could have been consumed for Ost-
wald ripening or further growth of AuNHs, which were dis-
cussed in the effect of CTAC above. Therefore, the concentration
of CTAC has a more signicant inuence on the morphology of
the Au nanostructure than that of AA at very low HAuCl4
concentrations.
UV-vis-NIR spectroscopy and surface-enhanced Raman
spectroscopy (SERS) were adopted to examine the optical6602 | Nanoscale, 2013, 5, 6599–6606properties of the AuNHs and AuNH/PPC composites. As the
AuNHs were closely packed over the PPCs and could not be
dispersed in aqueous solutions, their absorption in the liquid
phase was not observable. Therefore, solid samples were
preferred for UV-vis-NIR analyses, indicating that only absorp-
tion peaks in the visible light regionwere observable. Comparing
the UV-vis spectra of the AuNH/PPC composites (Fig. 4) with that
of the pure PPCs (Fig. S5, ESI†), the absorption peaks around 632
nm are ascribed to the PPCs while those around 720–739 nm
could be attributed to the AuNHs. The absorption peaks around
498 and 552 nm could also be assigned to the PPCs. Further
increment in the dosage of the PPCs results in the overlapping of
the spectra of the AuNHs by that of the PPCs. For example, in the
case of 0.15 g PPCs, the spectrum of the AuNHs could not be
observed at all. It should be noted that spherical Au nano-
particles exhibit SPR absorbance between 500 and 550 nm. We
cannot rule out the possibility that some gold nanoparticles were
embedded within the AuNH/PPC composites though we only
observed just few of these nanoparticles in the samples. More-
over, the SPR absorbance between 500 and 550 nm was not that
strong in the spectra of the AuNH/PPC composites, verifying that
there were only few spherical Au nanoparticles within the
composites. As far as the SPR absorbance of the AuNHs was
concerned, it was interesting to note that the absorbance
around 700 nm underwent a slight red shi with the increase in
the diameter of the AuNHs. Specically, with the diameter of
the AuNHs increasing from 0.63 to 0.82 mm, then to 1.09 mm, the
peak of the absorbance shied from 702 to 713 nm, then to
739 nm. The controllable growth of the AuNHs was well sup-
ported by the red shis and because of this special absorption in
the visible light region, the AuNH/PPC nanocomposites could be
promising candidates as functional visible light absorbers.
Besides, the composites could be directly used without the need
for further separation of the AuNHs from the PPCs that bridged
the gap between easily handled bulk materials and the Au
nanostructures.
Au nanostructures have been widely used as SERS substrates
not only because of their strong enhancement of the Raman
signal but also the unique stability of gold, though gold is less












































View Article Onlinewere concerned, SERS performance was examined using
rhodamine 6G (R6G) as the probe molecule. Previously, many
Au nanostructures had been used for Raman enhancement of
the R6G signal.3,32,33 However, the detection limits for these Au
nanostructures were high, for example: 107 M or higher. In this
work, using the AuNHs as SERS substrates, the absorption peak
of R6G was evident even when the concentration of R6G was
109 M (curve a). All absorption peaks marked in curve a
belonged to R6G.33,36 The Raman signal can be inuenced by the
morphology and aggregated states of nanostructures,33 both of
which decide the molecule's surface orientation. Therefore,
some peaks (e.g. 1545, 1340 and 1154 cm1) were obvious while
others were weak. When the concentration of R6G was
decreased to 1011 M, some weak absorptions (e.g. 1370 and
1391 cm1 in curve b) were not observable. Even the most
evident absorption at 1554 cm1 became rather weak as the
concentration of R6G was further decreased to 1012 M (curve
c). Generally speaking, with R6G concentration decreasing, the
characteristic absorption peaks of R6G on AuNH/PPC compos-
ites became weaker. However, there were slight red shis of
absorption at 1545 cm1 (curve a) to 1554 cm1 (curves b and c).
The shoulder peak at 1600 cm1 which existed in curve a was
not found in curves b and c. As a result, its disapperance might
lead to the red shi. In contrast with curve a in Fig. 5, no
pronounced absorption peak was observed from R6G on pure
PPCs without gold (Fig. S6, ESI†), indicating that the Raman
signal of R6G could not be enhanced without gold. Interest-
ingly, the results in Fig. 5 showed that the AuNHs were also
much more sensitive than the Au nanowires that were previ-
ously reported.29 The detection limit of R6G was as low as 109
M while that of AuNWs was 106 M. Previous studies have
shown that small AuNP dimers and aggregates, wherein the
interstitial sites (the super-enhancing locations) produce the
“hot spot” for the enhancement of Raman signals, have excel-
lent efficiency for SERS.37 The high sensitivity of AuNHs might
be due to their hierarchical and polycrystalline structures,
which gave some defects in their crystal structure. And these
crystal defects might act as hot spots and trap the analyst toFig. 5 Raman enhancement for the AuNH/PPC composite in the presence of (a)
109 M, (b) 1011 M, and (c) 1012 M R6G.
This journal is ª The Royal Society of Chemistry 2013generate signicant Raman enhancement.38 Interestingly, the
AuNH/PPC composite could be directly used as SERS substrates
for the detection of R6G. It should be noted that the as-
synthesized AuNHs are very stable. They still exhibited their
original shape and characteristics even aer more than one
month (Fig. S7, ESI†). The high stability of the AuNH/PPC
composite even in solution is also advantageous for further
applications.
It has been extensively demonstrated that biosorption of
metal ions is generally rapid; moreover, the adsorbed Au(III) can
be easily reduced to Au(I).39 Therefore, the roles of the PPCs
were closely associated with biosorption of Au(III).29 To conrm
the biosorption of PPCs, the interaction between the PPCs and
Au(III) ions was investigated through FTIR spectroscopy. Fig. 6
represents the FTIR spectra of the PPCs interaction with Au(III)
for 50 min in the presence or absence of CTAC, where curve I
depicts that with CTAC and that of curve II without CTAC. The
FTIR spectrum of the PPCs (curve III) was used as control
samples. According to previous studies,39 Au(III) mainly inter-
acts with oxygenous- and nitrogenous-active groups of poly-
saccharides and proteins in the cell wall of biopolymers, such
as hydroxyl of saccharides, carboxylate anion of amino-acid
residues (side-chains of polypeptide backbone), and peptide
bond (amide I and amide II bands), these also show several
obvious bands in the FTIR spectra. Specically, the peaks at
1074 and 1545 cm1 corresponded to a coupled vibration
involving C–O stretching and O–H deformation modes (nC–O +
dO–H) of the free hydroxyl (–C–O–H) of saccharides and a
coupled vibration involving C–N stretching and N–H bending
modes (nC–N + dN–H) of the C–N–H group from the peptide bond
(–HN–C]O), i.e. of the amide II band,39 respectively. No shi
was observed for the two bands in the three curves indicating
that Au(III) was hardly bound by saccharides or amide II. A
remarkable red-shi of adsorption from 1386 to 1367 cm1
(curves I and II) is attributable to the chelation of Au(III) with
the oxygen of the carboxylate anion because of the Au(III)
binding speciation by coordinating the carboxylate anion.39
Compared with the band in 1657 cm1 (curve III), the
appearance of a shoulder peak at 1681 cm1 (curves I and II) isFig. 6 FTIR spectra of (I) the PPCs after interacting with Au(III) for 50 min in the
presence of CTAC; (II) the PPCs after interacting with Au(III) for 50 min in the
absence of CTAC; (III) the PPCs, respectively.
Nanoscale, 2013, 5, 6599–6606 | 6603
Fig. 7 Au nanostructures synthesized through reduction of aqueous HAuCl4
(0.25 mM) with AA (0.5 mM) for (a) 5, (b) 8, (c) 11 and (d) 30 min in the presence












































View Article Onlineassigned to the conrmation of b-turn, also a helical circle,
characteristic of periodic arrays of intra-chain hydrogen-
bonding.39 The results revealed that part of the b-pleated sheet
has been transformed into b-turn of the circular forms since
the PPCs were in contact with Au(III) aer interaction for 50
minutes. The similarity between curve II and curve I indicates
that the presence of CTAC had just a little inuence on the
interaction between Au ions and PPCs. Based on the above
results, Au(III) indeed interacted with oxygenous- and nitroge-
nous-active groups of carboxylate anion of amino-acid residues
(side-chains of polypeptide backbone) and peptide bond amide
I in the presence of CTAC and the presence of CTAC hardly
interrupted the adsorption of the Au ion on PPCs. However, it
should be noted that only some Au(III) ions were adsorbed onto
the PPCs as the Au precursor dosage was much higher than the
maximum uptake of Au(III) by the PPCs.
Based on the interaction between Au(III) and the PPCs above,
the growth mechanism of AuNHs could be claried by
sampling the nanostructures at different reaction times for
TEM observations. Aer addition of HAuCl4, the mixture of the
PPCs, CTAC and [AuCl4]
 exhibited a yellow colour at the
beginning due to the presence of ligand-substituted anions
such as [AuCl4]
, or CTAC–Au(III) complexes, or both.40
However, the CTAC–Au(III) complexes had a major effect as the
molar ratio of CTAC to Au(III) was 20. Then, 50 minutes of
adsorption gave rise to a saturated adsorption, which was
conrmed by the FTIR spectra (Fig. 6), and adsorbed Au(I)
ions,37 stemming from bioreduction of Au(III). In fact, the color
of the solution changed from yellow to pale yellow aer over 50
minutes of adsorption. And it had been demonstrated that
the Au(I) anions or Au(I)–CTAC complex were colorless.34 So, the
absorbed Au(I) or deposited Au(I) was in the presence of the
Au(I)–CTAC complex. The absorbed Au(I) complexes were more
easily totally reduced to Au(0) by AA than Au(III) in solution aer
addition of AA. Besides, PPCs could serve as nucleation sites.
So, the crystal nucleus could be formed on the PPCs prefer-
entially aer the addition of AA. Upon addition of AA, the
colour of the solution changed from pale yellow to colourless
immediately, suggesting that Au(III) ions in solution were
initially reduced to aqueous Au(I) anions, such as [AuCl2]
,
rather than Au(0).40 And comparing to Au(III) ions in solution,
adsorbed Au(I) ions on PPCs could be reduced to Au(0) more
easily. So, it could be supposed that most Au(I) ions were
present in solution even aer the Au nucleus on PPCs had been
formed. While during the formation of crystal nucleus, CTA+
was adsorbed onto the crystal nucleus, which made the nano-
structure to be positively charged. According to electrostatic
interaction, [AuCl2]
 ions in solution could be attracted to the
crystal nucleus and further reduced to Au(0), which contributed
to the growth of AuNPs on PPCs (Fig. 7a). To some extent, the
role of crystal nucleus on PPCs is similar to the Au seed in the
traditional gold seed method for the preparation of Au nano-
rods, which could be used to prepare considerable homoge-
neous Au nanorods. So, compared to the heterogeneous
nanostructures formed without PPCs (Fig. 2a), the formation of
AuNPs was much more homogeneous in the presence of PPCs.
These preferential nucleation sites rapidly concentrated Au6604 | Nanoscale, 2013, 5, 6599–6606atoms and experienced anisotropic growth into some branch-
like nanostructures on the PPCs in the presence of CTAC
(Fig. 7b). Some places on the PPCs were even full of these
nanostructures; for example, those on the le (Fig. 7b). Here,
the controllable growth of AuNHs (Fig. 1 and 2b–d) could be
explained by the inuence of the PPC dosage. Because
increasing the PPCs dosage can provide more nucleation sites
for the formation of nascent anisotropic Au nanostructures
(Fig. 7b); therefore, the nascent Au nanostructures had more
space to grow larger. So, except for preferential nucleation sites,
the PPCs could also serve as a platform for the initial aniso-
tropic growth of AuNPs. As kinetically favourable, the branch-
like nanostructures grew larger rapidly and slipped into solu-
tion aer about 11 minutes (Fig. 7c). It should be noted that Au
nanostructures were easily released into solution owing to the
large size and weak interaction between them and the PPCs.
The attachment of AuNPs could be contributed to the presence
of a considerable amount of CTAC, which tended to adsorb
onto Au nanostructures. From the discussions above, the
presence of CTAC promoted an anisotropic growth of AuNPs
into AuNHs. So some nanostructures had become AuNHs while
others were still AuNPs attaching to branch-like nanostructures
aer about 30 minutes (Fig. 7d). Simultaneously, due to the
smaller amounts of Au ions adsorbing on the PPCs compared
with that of total Au ions, a reduction of the numerous Au(III)
ions in the solution (beyond the PPCs) gave rise to secondary
nucleation in the solution. This further resulted in small
AuNPs that would be later on consumed via Ostwald ripening
during the aging of the AuNHs. Eventually, for more than 1
hour, most of the AuNHs evolved into well-dened AuNHs
(Fig. 1c), through anisotropic growth under the direction of
CTAC and Ostwald ripening with small AuNPs stemming from
secondary nucleation in solution.This journal is ª The Royal Society of Chemistry 2013
Fig. 8 Schematic diagram of the formation of AuNHs through the reduction of












































View Article OnlineBased on the TEM images, we proposed the schematic
illustrations for the formation of AuNHs. Firstly, as shown in
Fig. 8, interaction of the PPCs with [AuCl4]
 for over 50
minutes led to a saturated adsorption of Au ions onto the
PPCs (at Stage I) and appearance of Au(I) due to bioreduction
while others formed ligand-substituted anions with CTA+.
Next, the addition of surplus AA resulted in further reduction
of the adsorbed Au(I) over the PPCs to form Au nuclei that
acted as preferential nucleation sites for the formation of
AuNPs on PPCs (at Stage II). At the same time, electrostatic
interactions between the adsorbed CTA+ and [AuCl2]
 led to
the adsorption of more Au(I) onto the nucleus sites, giving
rise to AuNPs on the PPCs. Then, under the direction of CTAC
and PPCs, anisotropic growth of the AuNPs was favourable
resulting in the initial formation of branch-like nano-
structures (at Stage III). Further anisotropic growth of the
branch-like nanostructure led to lm-like nanostructures,
which were part of the growing AuNHs. The as-synthesized
nanostructures easily stripped off the PPCs due to their rela-
tively large size and weak interaction between the PPCs.
Simultaneously, the reduction of Au(III) in the solution
(beyond the PPCs) gave rise to secondary nucleation, resulting
in the production of AuNPs that would be consumed later on
via Ostwald ripening during the growth of the AuNHs. Thus,
well-dened AuNHs were formed via Ostwald ripening with
the AuNPs in solution (at Stage IV).Conclusions
In summary, we developed a seedless microorganism-medi-
ated method to synthesize closely packed and stable AuNHs
in the presence of CTAC that are difficult to synthesize by
pure chemical reduction. The diameters of the AuNHs could
be tuned by adjusting the dosage of PPCs. And increase of the
diameters of the AuNHs was consistent with the red shi ofThis journal is ª The Royal Society of Chemistry 2013the absorbance around 700 nm in the UV-vis spectra. Specif-
ically, the PPCs played multiple roles in the biosorption of Au
ions and were a platform for preferential nucleation, initial
anisotropic growth giving rise to secondary nucleation in the
solution. Besides that, a proper CTAC concentration was
needed to facilitate the anisotropic growth into AuNHs.
Kinetically a little extra amount of AA was necessary for the
formation of the AuNHs. As far as the growth mechanism of
AuNHs was concerned, Au ions were initially adsorbed onto
the PPCs and then reduced to form Au nanoparticles (AuNPs)
on PPCs. These AuNPs then experienced anisotropic growth,
under the direction of CTAC and PPCs to form nascent
AuNHs while secondary nucleation in solution led to the
formation of small AuNPs, which were subsequently
consumed via Ostwald ripening during the growth of the
AuNHs. This work exemplies, for the rst time, the fabrica-
tion of novel gold nanostructures by combining the microbial
surface and a surfactant, which are difficult to synthesize by
pure chemical methods. Interestingly, the stable AuNH/PPC
nanocomposites in which the AuNHs were embedded showed
excellent SERS enhancement and can be directly used as SERS
substrates.Acknowledgements
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